DNA double-strand breaks (DSBs) are a highly toxic form of DNA damage produced by a number of carcinogens, drugs, and metabolic abnormalities. Involvement of DSBs in many pathologies has led to frequent measurements of these lesions, primarily via biodosimetry of S139-phosphorylated histone H2AX (γ-H2AX). However, γ-H2AX is also induced by some non-DSB conditions and abundantly formed in apoptosis, raising concerns about the overestimation of potential genotoxic agents and accuracy of DSB assessments. DSB-triggered γ-H2AX undergoes RNF168-mediated K13/K15 monoubiquitination, which is rarely analyzed in DSB/genotoxicity studies. Here we identified critical methodological factors that are necessary for the efficient detection of mono-(ub 1 ) and diubiquitinated (ub 2 ) γ-H2AX. Using optimized technical conditions, we found that γ-H2AX-ub 1 was a predominant form of γ-H2AX in three primary human cell lines containing mechanistically distinct types of DSBs. Replication stress-associated DSBs also triggered extensive formation of γ-H2AX-ub 1 . For DSBs induced by oxidative damage or topoisomerase II, both γ-H2AX and γ-H2AX-ub 1 showed dose-dependent increases whereas γ-H2AX-ub 2 plateaued at low levels of breaks. Despite abundance of γ-H2AX, γ-H2AX-ub 1,2 formation was blocked in apoptosis, which was associated with proteolytic cleavage of RNF168. Chromatin damage also caused only the production of γ-H2AX but not its ub 1,2 forms. Our results revealed a major contribution of ubiquitinated forms to the overall γ-H2AX response and demonstrated the specificity of monoubiquitinated γ-H2AX as a biodosimeter of non-apoptotic DSBs.
Introduction
DNA double-strand breaks (DSBs) are very dangerous genetic lesions that are frequently misrepaired resulting in the formation of deletions or chromosomal translocations (Povirk 2006; Wyman and Kanaar 2006) . If not timely repaired, DSBs act as strong inducers of cell death (Roos and Kaina 2006) . Ser139 phosphorylation of histone H2AX, which constitute approximately 10% of total histone H2A in human cells, plays a central role in orchestrating cellular responses to DSBs by acting as a platform for the recruitment of other components of DNA damage response (Scully and Xie 2013) . Initially detected as a novel histone H2AX species after ionizing radiation and named γ-H2AX (Rogakou et al. 1998) , the discovery of H2AX-Ser139-phosphorylation has ushered in the era of extensive research on chromatin modifications that are critical for DSB repair (Lucas et al., 2011) .
H2AX-S139 phosphorylation is principally performed by ATM kinase (Burma et al. 2001) , which is activated by the DSB-sensing MRE11-RAD50-NBS1 complex (Lee and Paull 2005; Falck et al. 2005 ).
Kinase activity of ATM is further enhanced via its acetylation by KAT5, which is accumulated at the DSB sites through binding to H3K9me3 (Sun et al. 2007 (Sun et al. , 2009 ). The presence γ-H2AX is directly recognized by MDC1 via its tandem C-terminal BRCT repeat (Stucki et al. 2005; . Chromatin-bound MDC1 initiates a protein ubiquitination cascade via recruitment of the E3 ligase RNF8 that ubiquitinates histone H1 (Thorslund et al. 2015) . Ubiquitinated H1 in turn recruits another E3 ligase RNF168 that catalyzes monoubiquitination of Lys13/Lys15 in H2A and γ-H2AX, which is necessary for the subsequent K63-linked polyubiquitination of chromatin proteins (Mattiroli et al. 2012) . These ubiquitination events are required for the activation of two main DSB repair pathways, namely, nonhomologous end-joining and homologous recombination. H2A/H2AX-K15 monoubiquitination is recognized and bound by 53BP1 (Fradet-Turcotte et al. 2013) , which routes DSBs into repair via nonhomologous end-joining (Zimmermann and de Lange 2014; Panier and Boulton 2014) . The K63-linked protein polyubiquitination is necessary for recruitment of the BRCA1-RAP80 complex and a subsequent activation of homology-based repair (Kim et al. 2007; Sobhian et al. 2007; Wang et al. 2007 ). In agreement with the biochemical evidence for RNF168 in regulation of DSB responses, inactivating mutations in this E3 ligase are the cause of the cancer-prone human syndrome RIDDLE (radiosensitivity, immunodeficiency, dysmorphic features and learning disabilities) (Stewart et al. 2007 (Stewart et al. , 2009 ). Clinical characteristics of RIDDLE patients overlap with those in individuals with mutations in the upstream effectors such as ATM kinase and MRE11 (McKinnon 2012) .
Ionizing radiation and many cancer drugs have long been known to generate DSBs as the principal toxic lesions. However, DSBs can also play a major role in toxicity of drugs or carcinogens that directly do not produce strand breakage, which instead arise from normal or abnormal processing of the initial DNA modifications by other repair processes (Reynolds et al. 2009; Sawant et al. 2015) . A large number of causes, including but not limited to defects in genome maintenance mechanisms, presence of activated oncogenes, chromatin abnormalities and metabolic deficiencies, can trigger replication stress, which results in the formation of variable amounts of toxic DSBs (Jeong et al. 2013; Macheret and Halazonetis 2015) . Growing recognition of a much wider importance of DSBs has led to increased interest in the formation and repair of these lesions. Measurements of γ-H2AX is the most widely used approach for the detection of DSBs in cells (26,600 hits in Google Scholar for the "γ H2AX assay" search at the time of writing). γ-H2AX is frequently described as a specific marker of DSBs although it can also be formed in the absence of DSBs. For example, heat shock induced well defined nuclear foci of γ-H2AX that were very similar to those formed by ionizing radiation but direct physical measurements and genetic approaches found no evidence for the production of DSBs (Hunt et al. 2007; Laszlo and Fleischer 2009) . Another frequent concern, especially in prolonged treatments or recovery studies, is apoptotic DNA cleavage, which triggers extensive formation of γ-H2AX (Rogakou et al. 2000) . The apoptosis inducer staurosporine has long been used as a positive control by some suppliers of anti-γ-H2AX antibodies. The proposed use of γ-H2AX in high throughput screens for genotoxic agents (Khoury et al. 2013 ) can lead to many false positives if the apoptosis-induced responses are not filtered out.
The presence of multiple signaling steps prior to the initiation of DSB repair offers cells the opportunity to integrate input from additional sensors and prevent unnecessary large-scale chromatin changes by non-DSB stressors. γ-H2AX ubiquitination by RNF168 is a relatively late step in DSB signaling, representing an advanced commitment by the cell. Despite the clearly established importance of H2A/H2AX-K13/ K15 monoubiquitination in DSB repair, a vast majority of publications utilizing γ-H2AX westerns do not show its mono-(ub 1 ) and diubiquitinated (ub 2 ) products and in rare cases when shown, they appeared as minor species. This lack of attention to γ-H2AX-ub 1,2 forms probably reflects a wide use of γ-H2AX prior to the discovery of its regulatory ubiquitination and is further reinforced by the absence or near absence of higher bands on westerns provided by all major suppliers of γ-H2AX antibodies. However, antibody vendors often use either UV (non-DSB damage at environmental doses) or the apoptosis inducer staurosporine for their positive samples. If γ-H2AX-ub 1,2 are abundant but undetected products, then measurements of only γ-H2AX would give an incomplete assessment of the entire DSB response and may lead to inaccurate conclusions about DSB repair if γ-H2AX-ub 1,2 and γ-H2AX display different decay kinetics.
In this work, we identified the necessary technical conditions for the efficient detection of γ-H2AX products and found that at low-moderate doses of mechanistically distinct DSB inducers, γ-H2AX-ub 1 was the predominant form accounting up to 80-90% of total γ-H2AX in normal human cells . We also found that DSB-like signaling by false-positive stimuli was truncated prior to γ-H2AX monoubiquitination, identifying γ-H2AX-ub 1 as a specific and dose-dependent marker of nonapoptotic DSBs.
Materials and methods

Materials
Etoposide (C1383, 100 mM stock in DMSO, stored at −20°C), camptothecin (C9911, 10 mM stock in DMSO, −20°C) and hydroxyurea (H8627, freshly prepared 0.6 M stock in cell culture media) were from Sigma. AZ-20 (S7050, 10 mM stock in DMSO, −80°C) and VE821 (S8007, 10 mM stock in DMSO, −80°C) were from Selleckchem. DRB (10,010,302, 100 mM stock in DMSO, −20°C) was from Cayman Chemical. KU55933 (1685-5, 10 mM stock in DMSO, −20°C) was from Bio-Vision. Staurosporine (sc-3510A, 10 mM stock in DMSO, −20°C) and aphidicolin (sc-201,535, 10 (Gibco, 11, . IMR90, WI38, MEFs, RCC4 and U2OS cells were maintained in DMEM medium (Gibco, 12, . A549 and HCT116 cells were grown in F12-K (ATCC, 30-2004) and DMEM/F12 medium (Gibco, 11,320-033), respectively. All media were supplemented with 10% fetal bovine serum (Rocky Mountain Biologicals, FBS-BBT-5XM) and 1% Pen-Strep solution (100 Units/mL penicillin and 100 μg/mL streptomycin) (Gibco, 15, . Keratinocytes were grown in Dermal Cell Basal Medium (ATCC, PCS-200-300) supplemented with Keratinocyte Growth Kit (ATCC, PCS-200-040). HBEC3 cells were propagated in Airway Epithelial Cell Basal Medium (ATCC, PCS-300-030) supplemented with Bronchial Epithelial Growth Kit (ATCC, PCS-300-040). All cells were grown at 37°C in a 5% CO 2 humidified atmosphere containing either 5%O 2 (IMR90, WI38 and MEFs) or 20% O 2 (all other cells).
Proteins extraction and quantitation
Attached cells were collected by scraping, combined with floating cells, washed twice with ice-cold Dulbecco's Phosphate-Buffered Saline (DPBS) (Gibco, 21,600-010) and centrifuged at 500 ×g for 5 min at 4°C. Total proteins were extracted using 2% SDS Lysis Buffer (2% SDS, 50 mM Tris-HCl pH 6.8, 10% glycerol) supplemented with Halt Protease and Phosphatase Inhibitor (ThermoFisher, 78, 443) and PMSF (SigmaAldrich, 93, 482) . Cells were boiled in 2% SDS Lysis Buffer for 10 min, cooled down to room temperature and collected by centrifugation at 12000×g for 10 min at room temperature. Proteins concentration was measured using DC Protein Assay Kit I (Bio-Rad, 5,000,111) according to manufacturer protocol. Absorbance (A = 750 nm) was read by the Endpoint method using SpectraMax M2 (Molecular Devices).
Western blotting -standard procedures
Typically, 20 μg of total proteins were used for each western blot analysis. Protein samples were prepared in a loading buffer (50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.02% Bromophenol blue, 5% 2-mercaptoethanol) and unless indicated otherwise, separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were electrotransferred onto Immun-Blot PVDF Membrane (Bio-Rad, 1,620,177) using semi-dry transfer system (PierceG2 Fast Blotter) or an overnight wet transfer procedure. In the semi-dry procedure, PVDF membranes and Western Blotting Filter Paper (ThermoFisher, 88,600) were incubated for 10 min with 1-Step Transfer Buffer (ThermoFisher, 84,731) supplemented with 12% ethanol followed by electrotransfer for 13 min at 25 V/2.5A at room temperature. For the overnight wet transfer, proteins were electrotransferred onto PVDF membrane at 18 V at 4°C using the Bjerrum Schafer-Nielsen Buffer (48 mM Tris, 40 mM glycine, pH 8.8). After the transfer (semi-dry or wet), PVDF membranes were washed three times for 5 min with 1× Tris-Buffered Saline/0.1% Tween 20 (TBST) buffer and blocked in 5% w/v nonfat dry milk (in 1xTBST) for 1 h at room temperature with shaking. The majority of γ-H2AX westerns were performed using rabbit polyclonal antibodies (Cell Signaling Technology Cat# 2577, 1:1000 dilution in 5% BSA), referred to as γ-H2AX Ab #1 in this work. Membranes were incubated with primary antibodies overnight at 4°C. Next day, membranes were washed three times for 5 min in 1xTBST buffer and incubated with secondary antibodies at room temperature for 1 h. Horseradish peroxidaseconjugated secondary antibodies were goat anti-mouse IgG (Millipore Cat# 12-349) and goat anti-rabbit IgG (Cell Signaling Technology Cat# 7074 and were used at 1:2000 dilution. Bands were revealed using Pierce ECL Western Blotting Substrate (ThermoFisher, 32,106) or ECL Prime Western Blotting Detection Reagent (GE Healthcare, RPN2232) and detected using Blue Autoradiography & Western Blotting Film (USA Scientific, 1968-3810) and Agfa CP1000 Processor. Other primary antibodies were rabbit polyclonal anti-phospho-Chk1 (Ser317) (Cell Signaling, 2344, 1:1000 in 5% milk), rabbit polyclonal anti-PARP (Cell Signaling, 9542, 1:1000 in 5% milk), mouse monoclonal anti-RNF168 (Novus Biologicals, H00165918-M01, 1:500 in 5% milk), rabbit monoclonal anti-c-Myc (Cell Signaling, 13,987, 1:1000 in 5% BSA), rabbit polyclonal anti-phospho RPA32 (S4/S8) (Bethyl, A300-245A, 1:1000 in 5% milk), rabbit monoclonal anti-L7A (Cell Signaling, 2415, 1:1000 in 5% milk) and mouse monoclonal anti-γ-tubulin (Sigma-Aldrich, T6557, 1:2000 in 5% milk).
Variations in western blotting for γ-H2AX
After separation on 12% SDS-PAGE, three different buffers were tested for electrotransfer: Bjerrum Schaffer-Nielsen Buffer (48 mM Tris, 40 mM glycine, pH 8.8), Towbin Buffer (25 mM Tris, 192 mM glycine, pH 8.3) and 1-Step Transfer Buffer. Bjerrum Schaffer-Nielsen and Towbin buffers were used for wet transfer overnight (18 V, +4°C) whereas 1-Step Transfer Buffer was used for semi-dry transfer (25 V/ 2.5A, 13 min at room temperature). The buffers were supplemented or not with 12% ethanol. After protein transfer, membranes were handled in the same way. A comparison of different γ-H2AX antibodies tested five antibodies: Ab #1 -rabbit polyclonal from Cell Signaling (Cat# 2577), Ab #2 -rabbit monoclonal from Cell Signaling (Cat# 9718), Ab #3 -rabbit polyclonal from Bethyl (Cat# A300-081A), Ab #4 -rabbit monoclonal from Abcam (Cat# ab81299) and Ab #5 -mouse monoclonal antibodies from Millipore (Cat# 05-636). Primary antibodies were used in 1:1000 dilution in 5% milk (Ab #3,4 and 5) or 5% BSA (Ab #1 and 2) and incubated with membranes overnight at +4°C. Secondary antibodies were used in 1:2000 dilution for 1 h at room temperature. ECL Prime Western Blotting Detection Reagent was used for signal detection.
Heat shock
Cells were seeded onto 100-mm dishes and allowed to attach overnight. Next day, all dishes were tightly sealed with parafilm and floated in 37, 43 or 45.5°C in water baths for 30 min. Cells were collected by scraping, washed twice with ice-cold DPBS and centrifuged at 500 ×g for 5 min at +4°C. Whole cell lysates were prepared by boiling in 2% SDS Lysis buffer as described above.
Colony formation
U2OS cells were seeded onto 6-well plates (200 cells per well) and next day were treated with the solvent or 10 μM KU55933 for 1 h before heat shock. Plates were parafilm-sealed and incubated at 37 or 45.5°C in water bath for 30 min followed by recovery for 3 days with or without 10 μM KU55933. After growth for additional growth in the regular medium for 4-5 days, colonies were fixed with methanol and stained with a Giemsa solution. Bleomycin-treated cells (1 h) were used as a positive control for ATMi activity.
Cell viability
Cytotoxic effects of hydroxyurea were evaluated with CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7571). Lymphoma cells were seeded (4 × 10 3 cells/well) into black, 96-well optical bottom cell culture plates (ThermoFisher, 165,305) and grown overnight. HU stock solutions were freshly prepared in RPMI1640 medium and sterile-filtered before use. Cells were incubated with HU for 72 h followed by the addition of assay reagents and measurements of luminescence at Cytation3 Imaging Reader (BioTek).
Pulsed field gel electrophoresis (PFGE)
A recently described procedure for the measurements of DSBs by PFGE was followed (Ortega-Atienza et al. 2016) . Cells were seeded onto 150 mm dishes (4-5 × 10 6 cells) and the next day were subjected to treatments. After trypsinization and 2× washes in DPBS at room temperature, cells were resuspended in 0.5 mL of Cell Suspension Buffer (10 mM Tris, pH 7.2, 50 mM EDTA, 20 mM NaCl). After mixing with an equal volume of 2% UltraPure LMP agarose, solutions were immediately poured out into CHEF Mapper XA System Plug Molds (BioRad) and allowed them to cool in refrigerator for 10 min. Solidified plugs were transferred to Proteinase K Reaction Buffer (10 mM Tris, pH 8.0, 100 mM EDTA, 1% N-lauroylsarcosine, 0.2% sodium deoxycholate, 1 mg/mL Proteinase K) and incubated overnight at room temperature with gentle mixing. Following 5xwashes for 1 h each in Wash Buffer (20 mM Tris, pH 8.0, 50 mM EDTA), plugs were stored at 4°C. Plugs were prepared with 4 × 10 5 (U2OS, H460) or 5 × 10 5 MEF cells. Bio-Rad CHEF MAPPER system was used PFGE. DNA was visualized by incubation for 1 h in 3xGelRed staining solution (Phoenix Research Products, RGB-4103) in H 2 O with 0.1 M NaCl. Gel Doc XP+ Imaging System (Bio-Rad) with Quantity One software were used for DNA quantitation.
siRNA knockdown
On-TARGETplus Non-Targeting Control Pool (Dharmacon, D-001810-10, 20 μM stock in sterile dH 2 O) and H2AX si-RNA-1 (Dharmacon, ZHIAA-000005, 20 μM stock in sterile dH 2 O) (CAACAA GAAGACGCGAAUCdTdT) were used for knockdowns of H2AX in IMR90 cells. A transfection procedure used 50 nM siRNA (final concentration) and 20 μL of Lipofectamine RNAiMAX (Invitrogen, 13, 778, 150) . After overnight growth (0.5 × 10 6 cells/ 100 mm dish), IMR90 were treated with the siRNA/Lipofectamine complex for 6 h twice at 24 h intervals. Following 24 h recovery after the last transfection, cells were seeded for experiments. Next day, cells were incubated with 0 and 100 μM etoposide for 1 h and collected for westerns.
Results and discussion
Critical methodological factors
The amounts of ubiquitinated forms of γ-H2AX can potentially be affected by a cell background and/or a type of DSBs. The efficiency of detection of γ-H2AX forms may also vary, depending on technical variables during western blotting, such as the choice of antibodies, electrophoresis and/or transfer conditions. In our previous work on chromium-induced DSBs, we have readily detected mono-and diubiquitinated forms of γ-H2AX in transformed H460 and normal IMR90 human cells (DeLoughery et al. 2015) . Carcinogenic chromium causes DSBs via a rather unusual processing of its DNA adducts by mismatch repair (Reynolds et al. 2009; Zecevic et al. 2009 ), leaving a possibility that high levels of γ-H2AX ubiquitination were a chromium-specific phenomenon. To evaluate the impact of technical variables during western blotting, we again tested H460 and IMR90 cells but treated them with more commonly used genotoxic stressors: radiomimetic bleomycin, dNTPs-depleting hydroxyurea and DNA polymerase inhibitor aphidicolin. Bleomycin is a potent and direct inducer of DSBs whereas hydroxyurea and aphidicolin are replication stressors that produce only a very few DSBs in cells with normal replication fork stability. Whole cell lysates prepared by boiling of cells in the lysis buffer containing 2% SDS, which rapidly and irreversibly inactivates deubiquitinating enzymes (Emmerich and Cohen 2015) , were tested throughout the entire project. Using the same antibodies as before (DeLoughery et al. 2015) , we detected approximately equal amounts of γ-H2AX and γ-H2AX-ub 1 forms in bleomycin-treated H460 cells irrespective of gel acrylamide percentage using semi-dry transfer with 12% ethanol-supplemented buffer (Fig. 1A, top panels) . As expected, replication stressors produced only minimal amounts of γ-H2AX and its ubiquitinated forms. Using overnight wet transfer without ethanol, we found much lower levels of γ-H2AX-ub 1 relative to nonubiquitinated γ-H2AX on three gels with different acrylamide percentage (Fig. 1A , bottom panels). For both semi-dry and wet transfer conditions, lower acrylamide percentage gels offered a modestly higher detection sensitivity for all γ-H2AX forms independent of their ubiquitination. The importance of ethanol in the semi-dry transfer buffer for the efficient detection of γ-H2AX-ub 1 was also confirmed for DSBs induced by the topoisomerase II poison etoposide in IMR90 cells (Fig. 1B) . The presence of ethanol in wet transfer buffers made them similarly sensitive to the semi-dry procedure (Fig. 1C) . Ubiquitin is resistant to denaturation (Emmerich and Cohen 2015) , which diminishes its binding and retention by the membranes during transfer conditions. Positive effects of ethanol can be attributed to a more complete denaturation and stripping of SDS from γ-H2AX-conjugated ubiquitin which would increase its membrane binding.
Next, we tested several commercial antibodies selected on the basis of their popularity (from citation statistics or a designation as "most popular with customers" on vendors' webpages). We tested the selected set of five antibodies on whole cell lysates of normal human keratinocytes as these cells showed strong DSB-induced γ-H2AX ubiquitination, possibly reflecting their evolutionary selection for robust DNA damage responses. We found that in addition to the above used antibodies (Ab #1), which are rabbit polyclonal, two other antibodies detected similar (Ab #3, rabbit polyclonal) or even stronger (Ab #2, rabbit monoclonal) signals for γ-H2AX-ub 1 in etoposide and bleomycin-treated keratinocytes (Fig. 1D) . Blots with these three antibodies clearly showed that γ-H2AX-ub 1 was the most abundant form of γ-H2AX. The 4th antibody (rabbit monoclonal) was distinctly less sensitive for the detection of mono-and diubiquitinated γ-H2AX despite longer exposure time. The 5th antibody (mouse monoclonal, supplier-recommended use for purified histones) did not produce satisfactory results in whole cell lysates from keratinocytes and was tested in bleomycin-treated H460 cells where it showed a less efficient detection of γ-H2AX-ub 1 in comparison to the reference antibodies #1 (Fig. 1E) . Finally, we confirmed H2AX specificity of γ-H2AX bands in our westerns by siRNA knockdown of this histone (Fig. 1F) . In summary, a sensitive detection of γ-H2AX-ub 1 requires the presence of ethanol in the transfer buffer (not tested but 2x concentration of more toxic methanol probably would work as well) and the use of appropriate antibodies. Although K13/K15 ubiquitination sites are relatively far from Ser139, the attachment of ubiquitin can change folding of γ-H2AX bound to the membrane, which could then alter the accessibility of some antibodies to the phospho-Ser139 epitope. This effect would more likely occur with monoclonal antibodies, which is consistent with our observations on the weakest γ-H2AX-ub detection by two out of three tested monoclonal antibodies. A lower sensitivity of monoclonal antibodies, including their complete inactivity, is a frequent problem in detection of ubiquitinated proteins (Emmerich and Cohen 2015) . γ-H2AX ubiquitination may also be associated with the formation of other posttranslational modifications in the vicinity of the phospho-Ser139 epitope, interfering with the binding efficiency of some antibodies. This effect would also be more pronounced for monoclonal antibodies.
Abundance of γ-H2AX-ub 1 in response to different DSBs
Using polyclonal antibodies Ab #1, which gave a sensitive detection of both γ-H2AX and its ubiquitinated forms across different cell types with whole cell lysates, we examined the dose-response relationships for three mechanistically distinct DSB inducers in three primary human cells ( Fig. 2A-C) . Keratinocytes and two fibroblast lines all showed dose-dependent increases in the levels of γ-H2AX and its ub 1 form after treatments with the radiomimetic bleomycin and the topoisomerase II inhibitor etoposide. Also in all cell lines, γ-H2AX-ub 1 was clearly more abundant (1.4-3-times) relative to the nonubiquitinated γ-H2AX. The prevalence of the ub 1 form was particularly evident in keratinocytes ( Fig. 2A) . Treatments with the topoisomerase I inhibitor camptothecin, which causes DSBs in a replication-dependent manner (Fig. 2D) , also stimulated the predominant formation of γ-H2AX-ub 1 ( Fig. 2A-C, left  panels) . Induction of the three γ-H2AX forms by camptothecin in all normal cells and in H460 carcinoma cells (Fig. 2E) showed weak or no concentration dependence, which could have resulted from a rapid activation of S-phase checkpoint inhibiting the replication-associated production of DSBs. The presence of similar amounts of DSBs after different doses of camptothecin was confirmed by PFGE (Fig. 2E) . In addition to the ub 1 form, all three DSB-producing agents also triggered the appearance of diubiquitinated γ-H2AX, however, its levels did not show dose-dependent increases ( Fig. 2A-E) . In summary, γ-H2AX-ub 1 was the main form of Ser139-phosphorylated H2AX in normal human cells after treatments with low-moderate doses of three mechanistically distinct DSB inducers.
γ-H2AX ubiquitination during replication stress
Elevated replication stress, especially in cells with a weakened stability of replication forks, can lead to a significant production of toxic DSBs (Jeong et al. 2013; Macheret and Halazonetis 2015) . For example, two established causes of replication-associated DSBs are mutations in BRCA2 (Lomonosov et al. 2003; Schlacher et al. 2011 ) and overexpression of oncogenes causing accelerated progression of cancer cells from G1 into S phase (Macheret and Halazonetis 2018) . Many cancer chemotherapeutic regimes include inhibitors of nucleotide synthesis, which exploit inefficiency of cancer cells in maintaining stability of stalled replication forks and prevention of their conversion into toxic DSBs. A majority of cancers do not have major defects in stability of forks, which makes it important to identify vulnerable cases and develop effective drugs for disabling forks viability mechanisms by pharmacological means. The apical replication stress-responsive kinase ATR and its downstream target CHK1 kinase are two biochemical targets that are under extensive investigation for cancer treatment alone and in combination with already approved chemotherapeutics (Karnitz and Zou 2015; Manic et al. 2015) . To investigate γ-H2AX ubiquitination responses of cancer cells to replication stress, we tested the effects of the ribonucleotide reductase inhibitor hydroxyurea alone and in combination with two selective ATR inhibitors: VE821 and AZ20. In U2OS osteosarcoma cells, which is one of the commonly used biological models in studies of DNA damage responses, hydroxyurea alone did not cause significant increases in any form of γ-H2AX (Fig. 3A) . A combination of hydroxyurea with either ATR inhibitor led to an abundant formation of both γ-H2AX and its monoubiquitinated form. Similar results were also found in H460 lung carcinoma and Daudi lymphoma cells (Fig. 3A) . Although both inhibitors showed similar suppression of ATR activity assessed by the loss of phospho-S317-CHK1, in all three cell lines AZ20 produced a moderately higher ratio of γ-H2AX-ub 1 to γ-H2AX-ub 0 relative to VE821. Burkitt's lymphoma is characterized by overexpression of c-MYC, which is known to increase replication stress and susceptibility of cells to CHK1 inhibitors (Ferrao et al. 2012; Murga et al. 2011) . In parallel testing of three Burkitt's lymphoma lines, we found that hydroxyurea triggered a massive accumulation of γ-H2AX-ub 1 in Ramos cells (Fig. 3B ). The differences in hydroxyurea-induced γ-H2AX-ub 1,2 were unrelated to c-MYC expression as all three Burkitt's lymphoma lines had comparable protein levels of this oncogene (Fig. 3C) . The readout of ATR activity, phospho-S317-CHK1, also was not predictive of γ-H2AX-ub 1 responses in Burkitt's lymphomas. The abundance of hydroxyurea-induced γ-H2AX-ub 1 strongly correlated with the levels of S4/8-phosphorylated RPA32 (Fig. 3C) , which is a biochemical marker of nuclease-processed stalled forks and DSBs in S-phase (Sartori et al. 2007) . Ramos, Burkitt's lymphoma line with the strongest γ-H2AX-ub 1,2 formation, was also the most sensitive to cytotoxic effects of hydroxyurea (Fig. 3D) . Thus, monitoring of γ-H2AX-ub forms can help identify cancer cells that are especially sensitive to a drug-induced depletion of dNTPs and replication stress.
Absence of γ-H2AX ubiquitination in heat-shocked cells
Heat shock is a ubiquitous environmental stress for the skin and the upper digestive and respiratory tracts in humans. Hyperthermia is also used in treatment of human malignancies (Arends et al. 2016; Van Driel et al., 2018) . A combination of hyperthermia with DNA-damaging agents frequently results in synergistic cell killing, leading to mechanistic studies involving measurements of DNA damage responses. Exposure of cells to elevated temperatures is known to increase the levels of γ-H2AX, which was detected not only by westerns but also as welldefined nuclear foci that were morphologically indistinguishable from those induced by ionizing radiation (Kaneko et a., 2005; Takahashi et al. 2008) . Although initially these results were taken as evidence of DSBs due to the perceived specificity of γ-H2AX for these lesions, subsequent investigations showed that heat shock was a false-positive DSB response likely related to activation of ATM kinase by chromatin alterations (Shiloh and Ziv 2013) . A study by a group of experienced investigators in the field of DNA damage (Hunt et al. 2007 ) using three different direct assays failed to detect the formation of DSBs in heatshocked cells despite the appearance of nuclear foci of γ-H2AX and its sensor MDC1. Similar to radiation, heat shock triggered H2AX-S139 phosphorylation by ATM kinase, whose activation however was independent on the DSB-sensing MRN complex (Hunt et al. 2007 ). Induction of γ-H2AX by hyperthermia also did not vary in a panel of cells with variable thermotolerance and H2AX knockout produced no effect on survival of heat-shocked cells (Laszlo and Fleischer 2009) . Interestingly, hyperthermia did not cause the appearance of nuclear foci of 53BP1 (Hunt et al. 2007) , which is a reader of DSB-induced H2A/ H2AX-K15 ubiquitination (Fradet-Turcotte, 2013) . We found that 30-min long exposure to 45.5°C induced a cell type-dependent formation of γ-H2AX but there was no even faint appearance of its ubiquitinated bands (Fig. 4A) . We next examined the levels of DSBs using their direct measurements by PFGE in two cell lines (U2OS and MEFs) with the most extensive production of γ-H2AX. Neither cell line showed any changes in DSBs above the background after hyperthermia (Fig. 4B,C) . As evidence of the PFGE assay sensitivity, both U2OS and MEFs gave clear increases in high-molecular weight DNA fragments after 30 min treatments with a low concentration of the DSBs-causing etoposide (Fig. 4D ). Since ATM is responsible for H2AX-S139 phosphorylation in hyperthermia (Hunt et al. 2007 ), we also examined the impact of ATM inactivation on a long-term survival of cells subjected to mild or severe heat shock. Consistent with the absence of DSBs, we found that disabling of ATM with its kinase inhibitor KU55933 had no significant effect on the colony-forming ability of heat-shocked cells (Fig. 4E) . As expected, the same inhibitor severely diminished (> 3-fold) colony formation by cells treated with the radiomimetic bleomycin (Fig. 4F) . Overall, our results further confirmed the absence of DSBs after hyperthermia and demonstrated that ubiquitinated forms of γ-H2AX are not produced in the heat shock-induced chromatin damage response. Our findings on the absence of γ-H2AX ubiquitination are also consistent with and provide a mechanistic explanation for the absence of 53BP1 foci in heat-shocked cells with γ-H2AX foci (Hunt et al. 2007 ).
Apoptosis-induced γ-H2AX
Irrespective of the type of the initial trigger, apoptosis induces nuclease-mediated DNA fragmentation, which leads to the formation of γ-H2AX (Rogakou et al. 2000) . Historically, a majority of commercial suppliers of anti-phospho-S139-H2AX antibodies showed westerns with an apoptosis-inducing agent as a positive control. A classic apoptosis inducer staurosporine has been most commonly used for the formation of γ-H2AX in cells, which, is a current positive control for Ab #5 on its vendor's webpage. γ-H2AX formation from apoptotic DSBs makes it difficult to interpret results with prolonged treatments with nongenotoxic stressors or chronic exposures with direct inducers of DSBs, as the late time points would almost unavoidably include populations of cells undergoing apoptosis and therefore, producing γ-H2AX. The late appearance or presence of γ-H2AX is often taken as evidence of some indirect mechanisms of DSB formation or existence of repair-resistant DSBs, respectively. However, these responses could largely or completely result from apoptotic DNA breaks. Thus, it would be very important to have a biochemical marker that can differentiate DNA damage-derived DSBs from those originating from apoptotic DNA cleavage. Therefore, we next examined γ-H2AX formation and its ubiquitination in cells undergoing apoptosis. Using staurosporine, a commonly employed chemical inducer of apoptosis, we assessed γ-H2AX formation in several human cell lines after 3 and 6 h treatments. Five out of six tested lines showed evidence of apoptosis as seen by the production of cleaved PARP (Fig. 5A) . The same five cell lines also produced strong, time-dependent increases in γ-H2AX levels, which mirrored the appearance of cleaved PARP. Strikingly, essentially all staurosporine-induced γ-H2AX was present in its nonubiquitinated form irrespectively of its amount or time of staurosporine treatments. The same cell lines showed extensive accumulation of ubiquitinated γ-H2AX (mostly in the ub 1 form) in response to etoposide-induced DSBs (Fig. 5B) . A parallel run of H460 and A549 samples with staurosporine and etoposide treatments further illustrated the dramatic differences in γ-H2AX ubiquitination between DNA damage-derived and apoptotic DSBs (Fig. 5B) . Analysis of staurosporine-treated samples under different gel/transfer conditions also found the absence of significant amounts of ubiquitinated γ-H2AX (Fig. 5C ). Impaired γ-H2AX ubiquitination in response to staurosporine-induced apoptotic DNA fragmentation could have resulted from some unusual cellular phenotype caused by inactivation of multiple kinases by this inhibitor. To avoid similar potential complications with chemical stressors, we next examined a biologically specific apoptosis. We treated cells with TRAIL, which is a physiologically produced cytokine that triggers a caspasemediated apoptosis via activation of death receptors DR4 and DR5. Cancer cells are typically more sensitive to TRAIL-induced apoptosis than normal cells (Fulda 2015; de Miguel et al. 2016) . We found that TRAIL-treated human cancer cells displayed very strong increases in γ-H2AX but the presence of the ub 1 form was undetectable with the exception of a very faint band in H460 cells (Fig. 6A) . Normal human keratinocytes showed a weaker PARP cleavage and a more moderate but still very significant accumulation of γ-H2AX, which was also induced exclusively in its nonubiquitinated form. A virtual absence of γ-H2AX-ub forms in TRAIL-treated cells was also observed in westerns using another polyclonal γ-H2AX antibody (Fig. 6B ). This antibody (Ab #3) efficiently recognized ubiquitinated γ-H2AX in cells with nonapoptotic DSBs (Fig. 1D) . To explore potential reasons for the lack of the ub 1,2 forms of γ-H2AX in apoptosis, we looked at the protein levels of the E3 ligase RNF168 that is responsible for the DSB-induced K13/ K15 ubiquitination of H2A/H2AX (Mattiroli et al. 2012) . We found that TRAIL-triggered apoptosis was associated with cleavage of RNF168 in human cells of different histological origin (Fig. 6C) . Thus, RNF168 joins a list of other key DSB repair proteins, such as DNAPK (Song et al. 1996) , RAD51 (Huang et al. 1999 ) and BRCA1 (Zhan et al. 2002) , that are cleaved during apoptosis, which prevents repair of apoptotic DNA breaks and survival of cells with severely damaged genome. Many cancer cells have resistance to apoptotic stimuli due to their altered balance of pro-and anti-apoptotic factors, which in some cases may result in a less effective truncation of the DSB response and the appearance of weak H2AX-ub 1 signals (as in H460 cells). We note that no increases in residual H2AX-ub 1 bands were observed during apoptosis in immortalized but not transformed HBEC3 cells (Fig. 5A ) or primary keratinocytes (Fig. 6A ).
Conclusions
Our investigation showed that the effectiveness of detection of γ-H2AX-ub 1 and γ-H2AX-ub 2 forms was strongly influenced by western blotting conditions, especially by the choice of antibodies and the presence of ethanol in the transfer buffer. Under the optimized detection conditions, monoubiquitinated γ-H2AX was the predominant species in response to three mechanistically distinct inducers of DSBs in normal human cells. Ubiquitinated γ-H2AX was also extensively formed in cells with a poor tolerance of pharmacologically-induced replication stress. Unlike γ-H2AX, mono-and diubiquitinated γ-H2AX were not produced by the false-positive DSB stressor hyperthermia (nuclear/ chromatin damage) and during apoptotic DNA fragmentation. Thus, analysis of ubiquitinated forms is important for the assessment of the overall formation of γ-H2AX, which offers a further advantage in specificity for nonapoptotic DSBs and discrimination of DSB-unrelated signaling. Quantitation of γ-H2AX-ub 1 and γ-H2AX-ub 2 forms can be critical in chronic treatments when even a small number of apoptotic cells containing large amounts of γ-H2AX could grossly inflate estimates for DNA damage-derived DSBs. Semi-dry transfer (buffer with 12% ethanol) from 12% gel and polyclonal antibodies Ab #1 for γ-H2AX were used. (B) Samples from panel A were run on 12% gel, proteins were wet transferred overnight (pH 8.8 buffer with 12% ethanol) and membranes were probed with γ-H2AX polyclonal antibodies Ab #3. (C) Cleavage of RNF168 in cells undergoing TRAIL-induced apoptosis (0.1 μg/mL TRAIL for 3 or 6 h).
